We report the indirect detection of an induced magnetic field in the ionosphere of Mars and its effects on the electron density behaviour. The observations were made by the Mars Advanced Radar for Subsurface and Ionospheric Sounding (MARSIS) aboard Mars Express, in its Active Ionospheric Sounding mode. During several orbits on June 2006, the ionosphere showed an unusual behaviour, characterised by a compression of the plasma above the main ionospheric peak as observed by the topside total electron content, the plasma scale height, and the local plasma in the Mars Express surroundings. The compression was most likely due to an induced magnetic field originating from the solar wind and measured by the MARSIS antennas, which was able to penetrate into the ionosphere. In particular, for several profiles, the density distribution can be clearly defined by two different plasma scale heights, which indicates a transition region between both of them. From the balance of magnetic and thermal plasma pressures and from a comparison with a numerical model of the Martian ionosphere, the hypothesis of a penetrating induced magnetic field down to a transition altitude around 150 km is confirmed. This compressed ionosphere has also been compared with data from other orbits in the same location and at the same time period, i.e. 18.5 days of difference between first and last orbits, where there is no measured induced magnetic field, and the orbits show a clearly different behaviour.
Introduction
Mars Express (MEX) is the first mission of the European Space Agency (ESA) to any planet. The spacecraft was launched on 2nd June 2003 from the Baikonur Cosmodrome in Kazakhstan aboard a Russian Soyuz rocket (Chicarro et al., 2004) . One of the objectives of the mission is to characterize in detail how the upper atmosphere of Mars, and in particular its ionosphere, is affected by external drivers such as solar wind events. Mars does not possess a global-scale internal magnetic field (e.g. Acunã et al., 1998; Connerney et al., 1999) , and as a result, a direct and strong interaction between the upper atmosphere and the solar wind takes place.
The direct impact of the solar wind on the Mars environment produces a bow shock (BS) (Edberg et al., 2008 and references therein) . After this shock, a magnetic pileup boundary (MPB) of the interplanetary magnetic field (IMF) in front of Mars is formed, essentially due to a pressure balance between the solar wind thermal pressure in the magnetosheath and the induced magnetic pressure (Dubinin et al., 2008b; Edberg et al., 2009) . If one looks into this boundary from the plasma point of view, it can be also called the induced magnetosphere boundary (IMB), since it corresponds with the height where the plasma solar wind (energy of ions and electrons) strongly decreases (Lundin et al., 2004) . Finally, the last and deeper boundary detected by Mars Express and Mars Global Surveyor (MGS) is the photo-electron boundary (PEB) (Frahm et al., 2006) . This boundary marks the end of where the IMF can penetrate into the ionosphere. The ionopause is the region in which the solar wind plasma stops and the ionospheric plasma begins (Cravens, 1997) . In other words, it is the region where a Contents lists available at ScienceDirect journal homepage: www.elsevier.com/locate/pss pressure balance between the ionosphere (thermal electron population) and the solar wind is found.
When the ionospheric thermal pressure is not large enough to withstand the solar wind dynamic pressure, the ionosphere can become magnetized, similarly to the Venus case (e.g. Cravens, 1989, 1992; Zhang and Luhmann, 1992; Russell, 1992; Krymskii, 1992; Krymskii et al., 1995; Shinagawa, 1996; Shinagawa, 2004) . The effect of this magnetisation on the electron density vertical profile in the case of Venus is best illustrated in Fig. 1 of this paper (Fig. 12 of Russell, 1992; Russell et al., 1983) . The stronger the magnetic field is at the top of the ionosphere, the deeper it penetrates. The result is a clear compression of the ionosphere, characterised by a lower scale height (Russell et al., 1983) .
A combination of magnetic field and electron density profiles from the Pioneer Venus Orbiter (PVO) mission to Venus is shown in Fig. 1 . This figure shows clearly how the plasma scale height reacts to the solar wind changes, as a result of a balance between plasma and magnetic field pressures. The left panel shows the ionospheric behaviour under a moderate magnetic field condition (value of around 60 nT at the top of the ionosphere). When the magnetic field is stronger (around 90 and 140 nT at the ionopause), the electron density profiles are completely different, as seen in the middle and right panels, respectively. Due to pressure balance, the topside ionosphere is compressed, resulting in a smaller scale height. Therefore, the ionopause is localized at altitudes closer to the planet. Such a plot has never been produced in the Mars case, simply due to the fact that no mission at Mars has ever performed these measurements simultaneously. Up to now, only a few indications have been detected on the electron density profiles (e.g. Mars Express trajectory when MARSIS-AIS was in operation during the 5 orbits of this study. Left panel shows the latitude -longitude configuration. Medium panel shows the Latitude -solar zenith angle distribution and right panel, the spacecraft evolution with solar zenith angle. Orbits with magnetic field are in blue in the three panels, and orbits without magnetic field are in green. Pericenter is marked with a cross in all the cases. Data used in this study is indicated with a purple rectangle. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
close to the periapsis after the arrival of a Coronal Mass Ejection (CME) and its associated magnetic field (Dubinin et al., 2008a (Dubinin et al., , 2008b Opgenoorth et al., 2013) . All these examples were discussed without any direct magnetic field measurement, however with Mars Express, we attempt to overcome this difficulty by using data from the Mars Advanced Radar for Subsurface and Ionospheric Sounding (MARSIS) instrument (Picardi et al., 2004) . The radar, in its Active Ionospheric Sounding (AIS) mode (Gurnett et al., 2005) , has collected ionograms from which one can derive both the electron density and the magnitude of the local magnetic field (Gurnett et al., 2005 Akalin et al., 2010) . Thus, for a given orbit, the magnetic field intensity at the location of the spacecraft is available, allowing us to assess the effect of the solar wind induced magnetic field on the shape of the topside ionosphere. In this context, the aim of this paper is to study the role of the induced magnetic field from the solar wind in the electron density behaviour. For this purpose, five orbits are analysed in the same location and very close in time: 3 with a clear induced magnetic field and 2 with no evidence of magnetic field.
Dataset

MARSIS data description
The Mars Advanced Radar for Subsurface and Ionospheric Sounding (MARSIS) is a 40 m tip-to-tip electric dipole antenna radar of low-frequencies (Picardi et al., 2004) . When working in its subsurface mode, the instrument works as a geophysical radar sounding the subsurface of the planet. When working in its AIS mode, the radar sounds the ionosphere from the maximum density peak up to the spacecraft position (Gurnett et al., 2005) . In this mode, the time delay of the signal is plotted against the carrier frequency in the so-called ionograms, which contain a frequencydependent trace called "ionospheric echo". By doing the inversion procedure of the ionospheric echo (Sánchez-Cano et al., 2012; Morgan et al., 2013) , a vertical electron density profile of the ionospheric topside between the spacecraft and the maximum ionospheric ionization altitude can be obtained. The accuracy of the electron density measurement is about 7 2%, and the uncertainty on the altitude apparent range is about 76.8 km . The spectrogram is the final representation of the MARSIS frequencies used (vertical axis) in the sounding along the time for one single orbit (horizontal axis).
The eccentricity of the Mars Express orbit is one of the main constraints for MARSIS operations because the periapsis is located about 275-350 km and the apoapsis is around 11,000 km above the surface (Chicarro et al., 2004) . Since AIS is designed to analyse the lower altitude plasma, a typical MARSIS ionospheric sounding pass can only be done for altitudes less than 1200 km, which means only about 20 min either side of the periapsis (Gurnett et al., 2005) , typically recording more than 300 ionograms per orbit. In the ionograms recorded closer to periapsis, it is common to find vertical lines at different frequencies called "plasma oscillation harmonics", which are the local plasma frequency and their higher harmonics at the spacecraft altitude. These vertical lines become more intense as MARSIS moves closer to the periapsis and are due to distortions within the instrument preamplifier and produced in response to the transmission of the sounding pulses (Andrews et al., 2013 and references therein) . The local plasma density has been extensively used in many studies, e.g. the detection of the ionopause (Duru et al., 2009) and is the key to derive the correct height of the profile (Sánchez-Cano et al., 2012; Morgan et al., 2013) . Moreover, some ionograms contain additional and invaluable information registered as horizontal lines, which are called "electron cyclotron echoes". These lines are located on the left side of the ionograms (low-frequencies) and are equally spaced in delay time, and can be used to compute the magnitude of the local magnetic field Akalin et al., 2010) . The derivation of the magnetic field is based on the assumption that the radar antennas generate an electric field which accelerates the electrons in a magnetic field medium. The magnitude of the magnetic field is derived from the measured value of the cyclotron frequency Akalin et al., 2010) . If there are no electrons close to the antennas, the radar will not record any presence of magnetic field, even if there is one. The main limitation of this kind of data is that MARSIS only measures the magnitude of the magnetic field at the spacecraft position and the direction of the magnetic field can only be retrieved after strong assumptions, such as those made in Akalin et al. (2010) . The magnetic field measured by MARSIS is the sum of both internal (crustal) and external magnetic fields in the ionosphere.
Data processing
The goal of this study is to assess the effect of an induced magnetic field on the ionosphere. For that, five MEX orbits of the northern hemisphere of the planet and very close in time, i.e. 18.5 days of difference between first and last orbits, were chosen with similar conditions of solar zenith angle (SZA), solar longitude (Ls), heliocentric distance, solar activity and solar cycle phase. All of them correspond to the same geographical location (same latitude and longitude, see more detailed information at the Annexed tables), which is an area with no significant crustal magnetic field anomalies (Cain et al., 2003) . Moreover, in 3 of the 5 orbits, MARSIS recorded a significant magnetic field in the full orbits as identified by the cyclotron echoes in the ionograms, whose origin is the solar wind since no crustal magnetic field is expected. In the other 2 orbits, MARSIS did not record any notable magnetic signal along the full trajectories. It could be the case that other orbits had similar characteristics to those selected in this study. However, we decided to use only the 5 closer ones to ensure the most similar possible conditions. Therefore, differences in the behaviour of those orbits can only be attributed to the presence of an induced magnetic field. Table 1 summarises the main characteristics of these 5 orbits, and Fig. 2 shows the orbit tracks through latitude, longitude, solar zenith angle, and spacecraft altitude. Data used in this study is framed by a rectangle in Fig. 2 .
In order to obtain an ionospheric topside density profile from the selected orbits, the following criteria are applied:
(1) Only that part of the orbit where MARSIS was working in AIS mode can be used. (2) Only data with similar latitudes and SZA in each of the 5 orbits have been analysed. (3) Only ionograms with local plasma harmonics were used. This only occurs when the spacecraft is below the ionopause, which has been defined as the so-called flow velocity boundary . (4) Only data with a clearly defined ionospheric trace has been considered in order to get the real critical plasma frequency. (5) For these orbits where cyclotron harmonics are present (see above), the magnitude of the field was calculated from the estimation of the cyclotron frequency, as described in Akalin et al. (2010) . Fig. 3 shows the spectrograms of two orbits. The upper panel corresponds to orbit 3140 (orbit with no measured magnetic field), and the bottom panel to orbit 3184 (orbit with a measured magnetic field). In both cases, the yellow-green horizontal lines between frequencies of 0.1 and 1.5 MHz correspond to the local plasma harmonics at the spacecraft altitude (in the ionograms these are vertical lines), the central bulge corresponds to the periapsis of the Mars Express orbit, the yellow-green vertical lines between frequencies of 1.5 and 3.5 MHz correspond to the ionospheric traces, and finally the data gap in both orbits correspond to the time period when MARSIS was working in the subsurface mode. Since these two orbits were acquired over the same region and separated by only 13 days, the MEX orbit trajectory over the planet was very similar for both cases. Therefore, the dissimilarities in the spectrograms respond to changes in the ionospheric behaviour and are not related to orbital/planetary variations from one orbit to the next. In the first case (upper panel, no magnetic field), MARSIS observed a more extended ionosphere, at least up to 700 km in the inbound leg (left) and up to 1200 km in the outbound leg (right), than in the second case (bottom panel, presence of magnetic field) where the limit of the ionosphere was found below 400 km for both sides. This difference in altitude is a sign of the ionosphere compression due to the presence of an induced magnetic field.
Similar differences also appear in the individual ionograms. In Fig. 4 , two representative ionograms from the pericenters of the orbits in Fig. 3 are plotted. As mentioned above, the vertical lines correspond to local plasma harmonics, while the horizontal ones correspond to the electron cyclotron periods. The upper panel is an example of a typical ionogram without a magnetic field measurement, while the central panel is an example of an ionogram with a measurement of the magnetic field. After the ionogram inversion, the very final product is the vertical topside electron density profile. Two examples of electron density profiles are shown in the bottom panel of Fig. 4 , selected such that the peak density are at the same altitude. For similar conditions, a more reduced density topside is found (red profile) for the magnetic field case, similar to the observed compression in the spectrograms. This is translated into a smaller scale height in the profiles where there is evidence of a magnetic field (Sánchez-Cano et al., 2015b), as will be described later. All topside electron density profiles used in this study are documented in the Annex.
Fig. 5 displays some useful parameters obtained from these 5 orbits. This figure is split into 2 panels, with the two orbits without magnetic field on the left, and the three orbits with magnetic field on the right. For both cases, subpanels from top to bottom show the electron densities measured at the spacecraft location and at the main ionospheric peak, the altitude of the main ionospheric peak, the topside total electron content (TEC) that is the electron density integrated from the peak height up to the spacecraft altitude (Sánchez-Cano et al., 2015a), the measured magnetic field by MARSIS at the spacecraft position and the spacecraft height, respectively. We note that there are few data with measured magnetic field in the left panel. We decided however, to keep them as there are only a few measurements on each orbit in comparison to the number of ionograms with null magnetic field along the same orbit, and the magnitude of this field is generally small in comparison to the orbits of the right panel, where clearly the magnetic field is very significant in every single ionogram and constant along the whole orbits. As Fig. 5 shows, the presence of a strong magnetic field does not affect the region close to the main peak, as the peak density and peak altitude are similar for both kinds of orbits. Regarding TEC, since most of it is found in the vicinity of the main peak, this parameter should not show an important change. However, for the orbits where the magnetic field is stronger, a slightly smaller and more variable TEC than in the case without magnetization is found (e.g. SZA 48-50°). A reduction of this kind in the ionization implies a more horizontal shape to the topside, which will show by definition, a reduction in the scale height. This topside density reduction is analysed in detail in this paper.
Estimation of the plasma scale height
The scale height (H) is a very useful parameter to describe the ionospheric structure, by characterising the shape of the electron density vertical profile (Belehaki et al., 2006) . This parameter provides the height range over which the plasma density changes by a factor e, and is defined as:
In the case of hydrostatic equilibrium and a constant temperature, the scale height has a very simple expression, which depends mainly on the temperature and mean mass of the medium (Eq. (2)): . Example of ionograms from the pericenter of the orbit for when there is not magnetic field at the spacecraft location (upper panel) and for when there is magnetic field (medium panel). Both ionograms belong to the orbits of Fig. 3 . The horizontal echoes of the second case are caused in last instance due to the presence of a magnetic field at the spacecraft surroundings. In the bottom panel, two typical electron density profiles from these orbits.
where k B is the Boltzmann constant, T is the temperature of the medium, m is its mass and g the gravity.
The ionospheric plasma is characterized by different regimes, which have a significant impact on the scale height. We can effectively distinguish between two regimes:
In the upper part of the ionosphere, we can assume hydrostatic equilibrium for the plasma and thus equate Eq. (1) and Eq. (2), with T being the plasma temperature and m the average mass of the ions (the major ion being O 2 þ in the main ionization region).
In the chemical dominated region, i.e. at altitudes below $ 180-200 km, the production rate varies as the neutral concentration just above the peak of production. If we consider that the speed of the reaction of recombination between ions and electrons is second order in electron concentration, then the scale height that can be derived is half the scale height obtained from Eq. (2) for the neutrals, where m corresponds to the mass of CO 2, main component of the Martian atmosphere, and T to the neutral temperature.
The latter scale height is the one used by the Chapman theory, which has been largely demonstrated to be the best formulation to describe the Martian ionosphere behaviour in the photochemicallycontrolled region (e.g. Gurnett et al., 2005; Pi et al., 2008; Nemec et al., 2011; Sánchez-Cano et al., 2013) . Note that since both scale heights have different meanings, their values are also different, the plasma scale height being always larger than the neutral. Therefore, both parameters allow retrieval of the temperature and behaviour of the neutrals and of the plasma, as well as their response to the solar wind inputs. The scale height obviously varies with altitude, reflecting different processes at work at different heights.
In this paper, the plasma scale height has been used to study the effect of the solar wind induced magnetic field in the ionosphere. This parameter has been deduced directly from the electron density profile. An example of plasma scale height is given in Fig. 6 for orbit 3151, where two scale heights were identified: 42 km just above the ionospheric peak and within the photochemically-controlled region, and 29 km, for the altitude above, in a region more dominated by transport processes. The so-called transition altitude, which is explained in the next subsection, is at the interface between those two regions.
Estimation of the transition altitude for the induced magnetic field
An important feature of the atmosphere-solar wind interaction is the penetration (or not) of the induced magnetic field to the plasma, and, if so, down to which altitude. Numerical simulations have shown that for an induced magnetic field of about 30-60 nT, the transition altitude is around 150 km (e.g. Shinagawa and Cravens, 1989; Witasse, 2000) . This is not a sharp transition, its width being around 25 km. Our goal is to determine one typical value to compare with the predictions of numerical simulations. Although there is not a clear definition, we define the transition altitude as the altitude above which the ionosphere is no longer governed by pure photochemical processes. Above this height, the dynamics are strongly dependant on the penetration of an induced magnetic field. To establish this limit, we have considered the transition point where the density departs by an empirical value of 7% below the slope defined by the scale height above the peak. Table 1 have already demonstrated. In order to analyse in detail the role of this magnetic field in the ionospheric structure, we select examples of orbits with and without induced magnetic field in the ionosphere, orbits 3151 and 3129 respectively. An analogous behaviour was found for the other orbits (see Annex). In particular, for orbit 3151 (magnetic field case), five different regimes can be identified in the profiles: Again, a compression is detected, with a smaller amplitude than for ionograms 156-173.
Results
An observable variation in the electron density distribution is detected when a magnetic field is induced in the ionosphere, as Figs. 3-5 and
The ionosphere in orbit 3151 appears more compressed than in orbit 3129, where a unique scale height is always found.
The plasma scale heights have been estimated for each ionogram of both orbits, as explained in Section 2.3. Fig. 7 shows the results of the scale height from the photochemical region (i.e. close to the electron density peak) of each orbit, as a function of the latitude. The scale heights are smaller in the magnetized case, being on average between 30 and 40 km for orbit 3151 (back dots) and, between 50 and 110 km for orbit 3129 (white dots). Moreover as mentioned before, the induced magnetic field in the ionosphere produced a very compressed region in that part of orbit 3151 defined as 3 (latitude range 17.8-9.3 North degrees). The profiles belonging to this regime are characterised by two scale heights: the first immediately above the ionospheric peak in the photochemical controlled region, and the second at higher altitudes, in the diffusive region controlled by the induced magnetic field. Fig. 8 displays these two kinds of scale heights found in this orbit as a function of solar zenith angle. The photochemical region scale height is represented by black dots and the diffusive region scale height appears in white dots. This second scale height is generally 10 km smaller than the photochemical one, indicating the compressive role of the induced magnetic field at higher altitudes in the profiles.
For that latitude region, the transition altitudes (see Section 2.4) lie mainly in the altitude band 147-166 km, completely compatible with results from modelling (e.g. Shinagawa and Cravens, 1989) . Tables in the Annex give the value of this transition altitude, together with other parameters derived from both kinds of orbits.
The scale height and the transition altitude are good indicators of the compression of the plasma, as explained above. Further in this analysis, the pressure balance has been analysed for orbit 3151 since it is a useful parameter to diagnose the interaction between the ionosphere and the solar wind (e.g. Zhang and Luhmann, 1992) . The objective is to perform additional tests to evaluate if the magnetic field could penetrate down to the transition altitude in that orbit. Theoretically, the induced magnetic field penetrates down to an altitude where the magnetic pressure equals the plasma thermal pressure. Below, the thermal pressure is higher than the magnetic pressure, and the magnetic field intensity decreases to zero because of the magnetic diffusion effect. Since the available dataset does not give access to all necessary observables such as a magnetic field profile and temperatures, the pressure balance assumption has been used to find whether reasonable values can be estimated for these parameters.
On one hand, the plasma pressure, P p , is given by:
where n e is the electron density, k B is Boltzmann's constant, and T p the plasma temperatures. On the other hand, the magnetic pressure, P B , is given by:
where B is the intensity of the magnetic field and μ 0 the permeability of the free space. After equating Eqs. (3) and (4) and considering Eq. (1) for the plasma population of the region above the main peak, the magnetic field intensity can be estimated as follows: where in this case, m is the average ion mass, which has been assumed for the transition altitude: around 90% of O 2 þ and 10% of CO 2 þ (e.g. Shinagawa and Cravens, 1989) . It is important to remark here that the estimation of both the scale height and the magnetic field is done around the transition altitude only, where both pressures are expected to be equal. The hypothesis is not valid below or above this specific altitude. The results are illustrated in Fig. 9 , where the magnetic field measured by the radar at the spacecraft location, at about 350 km (solid black circles) for orbit 3151, and the estimated magnetic field from the pressure balance, at about 170 km (white circles), versus the solar zenith angle for the same orbit are plotted. At the transition altitude, on average, the calculated magnetic field is 27 nT, while the averaged measured value by MARSIS at the higher altitude is 51 nT. The results are again, fully compatible with earlier results. To show the degree of penetration of this induced field, Fig. 10 shows the values of the magnetic field calculated for the transition altitude for orbit 3151 and for the other 2 orbits with magnetic field of this study after following the same procedure than in orbit 3151. The strongest magnetic fields, obviously, have more power of penetration and therefore for those cases, the transition altitude is found at lower levels. The balance between magnetic and thermal pressures gives therefore a good estimation of the induced magnetic field in the ionosphere at the transition altitude.
The data and the results were subsequently compared with a model of the ionosphere of Mars (Witasse, 2000; Witasse et al., 2002 Witasse et al., , 2003 Morel et al., 2004; Sánchez-Cano et al., 2015b) . This one-dimensional model is based on a coupling between a kinetic and a fluid code. The kinetic part is a stationary Boltzmann approach, which describes the energetic electron flux. The electron source may be either the incoming solar wind electrons or photoelectrons due to EUV photo-ionisation. The fluid part is an eight-moment time-dependent model which solves the transport equations of the different charged species up to the heat flow. This code has been extensively and successfully used to describe the Earth's ionosphere (e.g. Lummerzheim and Lilensten, 1994; Diloy et al., 1996; Blelly et al. 2005) . Its adaptation to the Martian conditions requires several important physical changes in order to take into account the interaction between the Interplanetary Magnetic Field (IMF) that drapes the planet and the upper atmosphere. The model computes, as a function of altitude, a number of ionospheric parameters, including the electron and six ion densities, vertical plasma velocities and temperatures and induced magnetic field. The neutral atmosphere is basically taken from Viking or Mariner conditions, depending on solar activity. However, some adjustments are made on the concentration profiles in order to fit the ionospheric profiles, with a given imposed horizontal magnetic field at the top of the ionosphere, in a case of a magnetized ionosphere. The magnetic field value at the top is chosen arbitrarily, typically in the range 20-100 nT, and is adjusted consistently with the atmosphere in order to get the best fit on the ionospheric profile.
For this comparison, one profile (from ionogram 169 of orbit 3151) was selected, and the results are shown in Fig. 11 . Three parameters have been plotted: the electron density (top panel), the plasma temperature (middle panel) and the induced magnetic field (bottom panel). For the modelling run, the geophysical conditions (solar activity, solar zenith angle, heliocentric distance) of orbit 3151 were chosen and set as input parameters in the model. The magnetic field value at the top of the atmosphere (500 km) has been set at 57 nT, such that it can match exactly the measured value at 313 km. Fig. 9 . Magnitude of magnetic field measured by MARSIS in orbit 3151 at the spacecraft position (black dotted-line) and magnitude of the magnetic field at the transition altitude derived from the pressure balance (white dotted-line) for the same orbit, versus solar zenith angle. The comparison between model and data is remarkable for the three panels. Regarding the electron density (top panel), the comparison between the data and the model shows an almost perfect match even in linear scale. A clear manifestation of the good behaviour of the model to reproduce both the shape of the profile as well as the electron density values, even with the presence of an induced magnetic field. One of the by-products that easily can be retrieved both from the model and the data is the temperature of the plasma population (electrons plus ions). From the data, this parameter is obtained by using the definition of scale height (Eq. (1)) and the assumptions about the ion composition as described above. Note that only the plasma scale height calculated for the closest region above the peak can be used in this equation. This plasma temperature has been compared with the temperature profile deduced from the model (medium panel). In that figure, the temperature deduced from the plasma scale height is in the range 115-150 km. There is no possibility of obtaining a temperature profile from a single scale height, only one temperature value can be retrieved in the altitude range used to obtain that scale height. There is reasonable agreement between data and model (550 K at 137 km) and the results are consistent with those presented in the Fig. 2 of Shinagawa and Cravens (1989) where a value greater than 1400 K is reached at $ 160 km for electrons. Finally, in the bottom panel, the magnetic field profile obtained for the ionospheric altitude acquired from the model (solid line) is compared with the two only values obtained from the MARSIS radar: the one measured at the spacecraft position (white circle at 313 km) and the one deduced from the pressure balance (white circle at 149 km). At these altitudes the values of the magnetic field are $ 55 nT and $ 34 nT respectively, showing good agreement with the model and with the results from previous studies (Shinagawa and Cravens, 1989) . These comparisons confirm the hypothesis that for orbit 3151, an induced and horizontal magnetic field is able to penetrate until an altitude of about 150 km, having a clear influence on the distribution of the density in the ionospheric vertical profile.
Conclusion
This study has shown an analysis of data acquired by the MARSIS instrument aboard Mars Express. These data, when interpreted carefully and successfully compared with modelling, indicate that an induced magnetic field can penetrate deep in the ionosphere of Mars, and strongly compresses the plasma. We list here the elements which are in favour of this conclusion:
-The ionosphere in the presence of a magnetic field is compressed compared to the ionosphere in orbits where no magnetic field is measured (see Fig. 4 ). In particular in orbit 3151, the vertical electron density profile exhibits a clear compression identified in 14 ionograms, which is characterised by a general smaller scale height (Fig. 6) , and a change in scale height from $ 40 to 45 down to $ 30 km (Fig. 9 ). This is also confirmed with the other 2 orbits within the magnetic field regimen (Tables in  Annex) . -A transition altitude is identified in orbits 3151, 3184 and 3195 at 150 km on average due to the penetration of an induced magnetic field in the ionosphere. This transition altitude is not found in orbits 3129 and 3140 where no magnetic field was recorded. -From the pressure balance, reasonable plasma temperatures have been estimated. The value for the induced magnetic field estimated at the transition altitude matches very well the modelling results. The strongest magnetic fields have more power of penetration and the transition altitude is found at lower levels. As a consequence, the scale height is also smaller for those cases.
MAVEN should provide an updated picture of this process at work in the Mars' ionosphere. In particular, the coupling between the energetics and the magnetism can be further investigated. Table 1A, Table 2A, Table 3A, Table 4A, and Table 5A . 
